A well-known carbazole-based precursor (probe 1) was used for the detection of cysteine/homocysteine and fluoride. Probe 1 shows a "turn-on" response to cysteine/homocysteine and fluoride via enhancement in emission intensity at 442 nm and 462 nm respectively, in solutions and living cells. Furthermore, probe 1 behaves as a fluorescent molecular switch between cysteine/homocysteine and fluoride as the chemical inputs, which have been used for the development of a combinatorial logic circuit and a molecular keypad lock.
Introduction
Thiols (cysteine, homocysteine, and glutathione) are commonly used as highly active, reduced forms of sulfur found in biomolecules. They play an important role in maintaining redox homeostasis by regulating the redox status between reduced free thiols and oxidized disulfides. [1] [2] [3] Thiol deficiency is associated with a number of health problems including slow growth in children, liver damage, and AIDS. In contrast, high thiol levels are responsible for the growth of several other syndromes. [4] [5] [6] [7] Therefore, the scientific community has made enormous efforts toward expanding the scope of new fluorescent sensors to quantitatively and selectively detect thiols. Usage of fluorescent probes have advantages over other complicated and tedious methods, as they are capable of detecting these species with high sensitivity in solution as well as in living cells simply by converting the cognitive response into a amenable fluorescence signals. [8] [9] [10] In recent years, a number of fluorescent probes for thiols have been developed, but they have certain limitations such as complicated and tedious synthesis with low yields that make their practical application difficult.
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Recently, significant progress has been made in the fluorogenic detection of anions particularly fluoride ions (F − ).
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Fluoride ions play a dynamic role in chemical, environmental, medical, and biological processes. [22] [23] [24] The United States Environmental Protection Agency (EPA) recommends two standard values for F − concentration in drinking water: 4 mg L −1 protect from osteofluorosis and 2 mg L −1 to protect against dental fluorosis. Hence, accurate detection of F − in drinking water is necessary, as concentrations exceeding a maximum limit can be hazardous. Therefore, we have to develop effective method for selective removal of F − which is an important issue of both medicinal and ecological senses.
Aldehydes are known to react with the N-terminal group of cysteine (Cys) and homocysteine (Hcy) to form thiazolidine and thiazinane, residues respectively. 25, 26 With this context in mind, a well-known carbazole-based precursor with dialdehyde functionality was synthesized according to the reported procedure 27 for the detection of Cys/Hcy and F − under different mechanisms. Therefore, our molecular design was based on the utilization of two reactive sites in probe 1: -CHO groups, which display high selectivity toward Cys/ Hcy, and the -NH group of a carbazole for F − selectivity (Figure 1 ). In solutions and living cells, probe 1 exhibited a "turn-on" response to Cys/Hcy and F − through an enhancement of emission intensity at 442 nm and 462 nm, respectively. It is worth noting that although the formation of thiazolidines or thiazinanes has been often employed in Cys/ Hcy probe development, [28] [29] [30] [31] [32] this type of probe system has not been demonstrated in molecular logic gates or for the development of combinatorial logic circuits and molecular keypad locks.
Experimental
Reagents and Materials. All solvents used were of analytical grade. Solvents were dried according to standard procedures.
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C nuclear magnetic resonance (NMR) spectra were recorded on a Varian Mercury NMR 300 MHz and 400 MHz spectrometer using deuterated dimethylsulfoxide (DMSO-d 6 ) purchased from Cambridge Isotope Laboratories, Inc. Mass spectra were recorded on a Shimadzu an LCMS-2020 (Liquid Chromatograph Mass Spectrophotometer). UV-vis absorption spectra were obtained using a UV-vis absorption spectrometer (HP 8453, photodiode array type) in the wavelength range of 190-1100 nm. The fluorescence spectra were recorded with a Hitachi F-7000 fluorescence spectrophotometer with a slit width (of 5 nm) used for excitation and emission. Fluorescence images of the cells were recorded on confocal microscope from Leica (Leica TCS SP2 model).
Synthesis of Probe 1. The general synthetic procedure is given in Scheme 1. Probe 1 was synthesized according to the . 27 3,6-Dibromocarbazole (1 g, 3.10 mmol) was dissolved in anhydrous THF (30 mL) to obtain a pale yellow solution, which was stirred at −78 °C (dry ice/acetone bath). A 12 mL solution of n-BuLi (1.6 M in hexane) was then added over a period of 10 min, causing the reaction contents to significantly darken in color. The reaction mixture was stirred at room temperature for 1 h. Then, at −78°C, anhydrous dimethylformamide (2.5 mL) was added over 10 min, immediately causing the precipitation of a pale yellow solid. The cooling bath was removed, and the reaction mixture was stirred for 90 min. After this period, 1 M HCl (20 mL) was added, and the reaction mixture was filtered by suction. The filtrate was extracted with EtOAc (5 × 50 mL), and the combined extract was washed with brine (50 mL), dried over Na 2 SO 4 and concentrated to an off-white solid in a yield of 0.99 g (72%). Cell Culture, Treatment of Probe 1 with N-Ethyl Maleimide (NEM). A human HeLa cell line was grown in Dulbecco's Modified Eagle medium supplemented with 10% fetal calf serum, 1% penicillin, and 10,000 unit/mL of streptomycin at 37 °C under humidified air containing 5% CO 2 . Cells (1.0 × 10
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) were located and stabilized in a single well of a 24-well plate. When 80% confluence was reached, the cells were washed twice with 1.0 mL of phosphate buffered saline (PBS) and finally incubated with 1.0 mL of PBS containing probe 1 (final concentration of 2.0 µM) for the following confocal experiment. For the NEM treated samples, the cells were incubated with media containing NEM at variable concentrations for 1 h at 37°C before the media were finally replaced with PBS containing probe 1 (the concentration of its stock solution was 1 mM in DMSO). The fluorescence images in the confocal experiments were obtained at 1 min after the cells were treated with probe 1.
Fluorescence Imaging. Fluorescence images of the cells treated with probe 1 were taken using a confocal microscope from leica (Leica TCS SP2 model). The images were obtained within 2 min probe 1 was being added to the cells. The excitation source was a 740 nm argon laser and an emission image was acquired using a long path filter (> 560 nm). All images were taken under the same experimental parameters to minimize possible variations in fluorescence intensity.
Determination of Binding Constants and Detection Limits. The binding constants for probe 1 complexes with Cys and F − were calculated using the Benesi-Hildebrand equation.
In this equation, A f is the absorbance of the free host, A obs is the observed absorbance, A fc is the absorbance at saturation, and K is the binding constant.
The detection limit (DL) was determined from a calibration curve of the fluorescence intensity versus Cys and F − concentrations. Using this plot, the DL was calculated by multiplying the concentration with a sharp change in the fluorescence intensity by the concentration of probe 1.
The following equation was used for calculating the DL: DL = CL × CT CL = concentration of ligand; CT = concentration of titrant at which the spectral change was observed.
Results and Discussion
UV-Vis Absorption Studies of Probe 1 with Cysteine and Fluoride. In this work, the photophysical properties of probe 1 (3.0 µM) were studied in the absence or presence of Cys/Hcy in DMSO-HEPES buffer (v/v, 3:7, pH 7.4) at ambient temperature. The absorption spectra of probe 1 showed bands at 261 nm, 292 nm, and 329 nm. Upon incremental addition of Cys (0.01-2 equiv.) to the solution of probe 1, an overall increase in the absorption was observed and the color of the solution changed from colorless to light yellow, providing a ''naked-eye'' probe for Cys (Figure 2 . On the other hand, addition of TBAF (0.01-2 equiv.) to the solution of probe 1 resulted in an absorption decrease for the bands at 261 nm, 292 nm, and 329 nm, a small increase at 310 nm, and formation of a new red-shifted charge-transfer (CT) band at 416 nm, that was the result of interaction between probe 1 and F − which was escorted by a color change from colorless to dark yellow (Figure 2(b) , inset). Job's plot was also used to evaluate the 1:1 stoichiometry of the complex formed by probe 1 with F − as shown in Figure  S4 to the solution of probe 1 (1.0 µM), the FL intensity at 442 nm increased more than 80-fold (Figure 3(a) ). This is due to the formation of a thiazolidine ring that results in the deterioration of the push-pull effect in probe 1. To confirm the ring formation, probe 1 was reacted with Cys, to give compound 2 which was characterized by 1 H NMR spectrum as demonstrated in Scheme S1 (see supporting information).
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H NMR spectrum showed the resonance signal corresponding to the aldehyde proton (H a ) at δ 10.1 ppm which starts disappearing with time and concurrently, two signals at δ 5.43 ppm and at δ 11.91 ppm were assigned to the methine proton (H b ) and carboxylic hydrogen (-COOH), respectively in thiazolidine ring as shown in Figure S5 (see supporting information). The structure of compound 2 was further characterized by conducting mass spectrometry analysis of the reaction mixture, which showed a mass peak at 223, corresponding to the Figure S6 ). The UV and FL spectra of compound 2 are given in the Figure S7 (see supporting information). The detection limit of probe 1 as a fluorescent sensor for analysis of Cys was determined to be 0.5 × 10 −7 M (see supporting information, Figure S8 ). The UV-vis absorption and fluorogenic enhancement results of probe 1 with Hcy were shown in Figure S9 (see supporting information).
On the other hand, titrations of probe 1 with TBAF (0.01-4 equiv.) resulted in FL enhancement greater than 540-fold along with a spectral shift from λ em = 442 nm to 462 nm ( Figure 3(b) ). The detection limit of probe 1 as a fluorescent sensor for analysis of F − was determined to be 6.0 × 10 −8 M (see supporting information, Figure S10 ). The FL enhancement was originated from the deprotonation of the -NH group in the carbazole moiety, which increases the electron density on the nitrogen atom and is associated with an enhancement of the push-pull effect through internal charge transfer. The appearance of a yellow color was observed with the FL enhancement. The deprotonation of -NH in probe 1 was also confirmed with 1 H NMR studies ( Figure  S11 ).
Selectivity and Competitive Experiment of Probe 1. To study the selectivity of probe 1 for other amino acids, we measured the FL intensity changes after the addition of 20 equivalents of each amino acid. No amino acid except Hcy, Cys, and GSH, induced any significant increase in the FL intensity of probe 1 (see supporting information, Figure S12 ). In order to evaluate the recognition specificity of probe 1 for other thiols such as mercaptoethanol (MER), thioglycerol (TGOL), dithiothreitol (DTT), bovine serum albumin (BSA), under similar conditions, we performed the selectivity experiment of probe 1 in the presence of 20 equivalents of these thiols. Probe 1 does not show any significant response in the fluorescence intensity with these thiols (see supporting information, Figure S12 ). We further evaluated the selectivity of probe 1 toward F − in media with other competitive anions (see supporting information, Figure S13 ). Significant FL enhancement was only observed in the presence of fluoride. Further, to examine the reaction time of probe 1 towards Cys/Hcy and F − , we carried out time-dependent analysis. The fluorescence responses at 442 nm for Cys/Hcy and at 462 nm for F − were plotted as a function of time. Reaction of probe 1 (1 µM) with Cys (3 equiv.) resulted in increase in emission intensity and the intensity reaches a maximum within 1 min. In case of Hcy, the reaction was completed in two minutes as shown in Figure S14 (see supporting information). The conversion of probe 1 to compound 2 was very fast due to the formation of a fivemembered thiazolidine ring as compared to the formation of six-membered ring of thiazinane with Hcy. However, reaction of probe 1 (1 µM) with F − (4 equiv.) showed emission maximum in less than a minute (see supporting information, Figure S15 ).
Molecular Logic Gate and Molecular Keypad Lock. Recently, significant developments have been made in utilizing the supramolecular systems as molecular logic gates and molecular keypad locks. [34] [35] [36] [37] These systems transform chemically encoded information (input), into fluorescent signals (output), allowing for the development of molecular level electronic and photonic devices.
In order to explore probe 1 as molecular logic gate and molecular keypad lock, we further investigated the "Off-On" switching process of probe 1 using Cys and F − as chemical inputs at different wavelengths, since probe 1 shows optical sensing toward Cys and F − ions at different wavelengths. In the first sequence, Cys (3 equiv.) was added to the solution of probe 1 resulting in the enhancement of fluorescence intensity at 442 nm due to the formation of 1-Cys complex (Figure 4(a) , black line) and sequential addition of F − to the solution of 1-Cys complex, exhibited no significant change in the emission band at 442 nm (Figure 4(a) , green line). This is due to formation of thiazolidine ring, which inhibits the push-pull effect of F − . Therefore, when F − was added, there was no electron transfer from the carbazole to the thiazolidine ring and no change in the FL of 1-Cys was observed. On the other hand, in the reverse input sequence, the addition of 4 equiv. of F − to the solution of probe 1 resulted in the enhancement of fluorescence intensity at 462 nm (Figure 4(b) , blue line). Sequential addition of Cys (1 µM) to the solution of 1-F − induced the quenching of FL at 462 nm due to a weakening of the push-pull effect of F − resulting from the formation of thiazolidine ring ( Figure  4(b) , black line) and further addition of Cys (2 µM) induces enhancement of FL intensity at λ em = 442 nm (Figure 4(b) , green line).
Therefore, depending on the two chemical inputs, Cys and F − , probe 1 can switch between different FL emission states, i.e. "On" (strong FL emission) or "Off" (FL quenching). The "Off-On" switching behavior of probe 1 can be demonstrated using binary logic. The two chemical inputs Cys and F − were denoted as InC and InF, respectively, and are considered to be "1" if the inputs are present and "0" if they are absent. The output signals were measured as the FL emissions at 442 and 462 nm, and considered as "1" when the FL intensity was high, and "0" if it was low. For the first input sequence, the addition of InC (Cys) followed by InF (F − ) led to no change in the FL emission at 442 nm, and the output was "1" ("On" state, Table 1 ).
As shown in the constructed combinatorial logic circuit ( Figure 5 ), in the absence of either one of the chemical inputs (InC and InF), no characteristic bands were observed at 442 nm and 462 nm, i.e., outputs 1 and 2 become "0". With the operation of Cys to the 1-F − complex, output 2 became "0", at 462 nm, but the FL emission at 442 nm went to the "ON" state and the output 1 was "1". The output 1 at 442 nm is activated by a combination of the OR and AND gate. However, the output 2 at 462 nm of probe 1 with chemical inputs of InF and InC is activated through an INHIBIT logic gate. The combination of these intrinsic properties with the selective actions based on the chemical input allows for the design of a complex molecular switch. Further, the change in fluorescence behavior of probe 1 with Cys and F − has been used to mimic a molecular keypad lock. The chemical inputs Cys and F − were represented as "G" and "E", respectively. The output signals were represented by letters ''T'' (strong fluorescence emission at 442 nm, Onstate) and ''O'' (quenched fluorescence emission at 462 nm, Off-state) respectively. The first input sequence "G" followed by input "E" (i.e. Cys was first added to the solution of probe 1 followed by the addition of F − to the solution of 1-Cys complex) led to strong emission at 442 nm as discussed in Figure 4 (a) (On state, represented by letter "T") which produces a green signal at the top of the keypad lock indicating the correct password "GET" (Figure 6 ). Upon adding the inputs in a reverse sequence "E" followed by input "G"), (i.e. (Figure 7(a) ). In the same way, when these treated cells were further treated with NaF (100 µM) for 15 min, an intense green FL signal was observed (Figure 7(c) ). This experiment demonstrates that probe 1 is capable of imaging F − in living cells. In order to confirm whether probe 1 is specific to intracellular Cys/ Hcy, a control experiment was conducted by removing the intracellular thiols using 1 mM N-methylmaleimide (NEM, a thiol-blocking reagent) prior to incubation of the cells with probe 1 and then the images were recorded which showed marked FL quenching (Figure 7(e) ). Further, NEM treated HeLa cells were incubated with Cys (200 µM), immediately FL enhancement was observed which corresponds to the adduct of probe 1 and Cys/Hcy (Figure 7(g) ). These results revealed that the probe could indeed react with intracellular Cys/Hcy to produce FL.
Conclusion
In summary, we here report the application of a wellknown precursor as a selective bimodal "turn-on" probe for the detection of Cys/Hcy and fluoride in living cells. The simple synthesis could be scaled up to produce very large amounts of probe 1. Furthermore, probe 1 behaves as a molecular switch with Cys and F − chemical inputs forming a combinatorial logic circuit and a molecular keypad. The system could be employed for creating security devices.
